Introduction
Gl ycemic variability, most notably hyperglycemia, has been associated with increased morbidity and mortality in both adult and pediatric intensive care unit (PICU) patients with and without diabetes mellitus. [1] [2] [3] [4] [5] More specifically, hyperglycemia is associated with adverse outcomes in a variety of clinical settings in children and adults including trauma, 6, 7 head injury, 8 -14 burn injury, 15 cardiac, [16] [17] [18] [19] [20] and post-operative patients. [21] [22] [23] Large, prospective trials using insulin therapy to control hyperglycemia in adult medical and surgical intensive care units (ICU), however, have displayed conflicting results regarding reduction in morbidity and mortality. 22, [24] [25] [26] [27] [28] These apparent contradictions may be explained in part by differences in study protocols, patient populations, glycemic targets, rates of hypoglycemia, nutrition, glucose monitoring, and the use of agents influencing glycemic variability and control (e.g., including insulin and glucocorticoids). 29, 30 A meta-analysis of 26 trials, including the Leuven studies and the Normoglycemia in Intensive Care Evaluation-Survival Using Glucose Algorithm Regulation (NICE-SUGAR) trial, concluded that mortality is reduced in some patients, namely surgical, but not in all ICU patients treated using intensive glycemic goals (frequently defined at targets of 80-110 mg/dl). 31 In addition to the influences of physiologic stresses on carbohydrate metabolism, medications such as glucocorticoids affect production and utilization of glucose. Glucocorticoid use for ICU patients is prevalent and administered for a variety of clinical indications. In the 2006 study reported by Van den Berghe and collegues 24 , nearly 54% of medical ICU subjects received glucocorticoids. These were used primarily for immunosuppression or as anti-inflammatory agents. In the NICE-SUGAR trial, septic shock was the most common reason for treatment with glucocorticoids in more than 33% of subjects. 27 Although there appeared to be a treatmentspecific effect with the use of glucocorticoids at baseline in the NICE-SUGAR trial (p = 0.6), neither study specifically showed a direct influence on mortality.
Less is known about the incidence of glucocorticoid use and its correlation with hyperglycemia in the pediatric intensive care unit (PICU). In a retrospective study of postoperative cardiac ICU patients, glucocorticoid use was higher among children with hyperglycemia versus those without (36% versus 18%, p < .05). 32 However, there has not been a study that more broadly examines the associations of glucocorticoids and their potential impact on glycemic variability in children in a PICU. We performed a retrospective analysis of all pediatric patients admitted to our PICU over a 12-month period to evaluate the associations of varying thresholds of hyperglycemia and of insulin and glucocorticoid use with morbidity (hospital length of stay) and mortality in a PICU population.
Methods
This retrospective analysis was conducted using data extracted from computerized medical records data at Kosair Children's Hospital in Louisville, Kentucky (MEDITECH, Medical Information Technology, Inc.). A limited data set from all PICU admissions (medical and surgical) from January 1, 2008 to December 31, 2008 was obtained. For patients with multiple PICU admissions, only the last admission was used to assess associations with mortality more accurately. Patients ≥19 years of age, those with a diagnosis of diabetes mellitus, or those who had no glucose values during their PICU stay were excluded. Receipt of glucocorticoids and insulin, primary diagnosis ICD-9 code (International Statistical Classification of Diseases and Related Health Problems, Ninth Revision), and general demographic information were available. During the study period, there was no glucose management protocol in place; therefore, all glucose measurements were obtained and treated at the discretion of managing physicians. Pediatric ICU length of stay (LOS), overall hospital LOS, and mortality were also available. This study was approved by the Institutional Review Board of the University of Louisville.
Glucose Parameters
Three methods for measuring glucose were used: plasma glucose via the hospital clinical laboratory (Olympus AU640/AU2700, Olympus America, Inc., Center Valley, PA), whole blood glucose obtained in association with blood gas monitoring (Radiometer ABL800 FLEX analyzer, Radiometer Medical, Bronshoj, Denmark), and whole blood glucose via two point of care devices (Accu-Chek Inform, Roche Diagnostics, Indianapolis, IN; Abaxis i-STAT 200 Analyzer, Abaxis, North America, Union City, CA). Quality assurance for all three of these methods followed standard hospital laboratory procedures.
Cutoff values for both hypoglycemia (65 mg/dl) as well as several hyperglycemia thresholds (110, 140, 180, and 200 mg/dl) were established based on clinical observational and interventional pediatric and adult studies. 1, 5, 18, 22, [33] [34] [35] All oral, intramuscular, and intravenous glucocorticoids were included in the analyses. Inhaled glucocorticoids were excluded as they have significantly lower systemic bioavailability. All insulin use was included in the analyses. Patient data was used to assess the association between glucose thresholds, glucocorticoid use, PICU LOS, total hospital LOS, and mortality. Insulin use was evaluated both with and without glucocorticoids.
Statistical Analysis
Data analysis was performed using IBM ® SPSS ® (Version 19.0. IBM Corporation, Armonk, NY). Univariate associations were determined using Chi square, Spearman correlation, and Mann-Whitney U tests. The relation between death, maximum glucose threshold, and minimum glucose threshold were modeled by multiple logistic regression analysis. A stepwise backward conditional approach was used. Variables were entered based on a priori considerations and statistical significance in univariate analyses.
Results

Patients
There were a total of 1653 patient admissions to the PICU at Kosair Children's Hospital from January 1, 2008 to December 31, 2008 . Of these patients, 82 (5%) carried a known or new diagnosis of diabetes mellitus, 372 (23%) had no glucose value obtained during their PICU stay, and 26 were 19 years of age or older. After excluding these patients, 1173 patient admissions met inclusion criteria for analysis ( Table 1) .
Patient Demographics, Length of Stay, and Mortality
Of the 1173 eligible patient admissions, 55% (n = 639) were males and children less than 5 years of age making up the largest percentage of eligible admissions (60.1%) by age group (range 0-19 years, median 3.4 years). The median PICU LOS was 1 day and the median total hospital LOS was 5 days. A total of 36 patients of the eligible 1173 (3.1%) died during the study period ( Table 1) . Of those who died, congenital heart disease (19.4%) was the most common diagnosis involving 2 or more patients, followed by sepsis (16.7%), lung disease not otherwise specified (NOS) (13.9%), cardiac dysrhythmia (5.6%), leukemia (5.6%), and epilepsy (5.6%). The most common diagnoses for all eligible admissions are listed in Table 2 .
General Glucose Data
Hyperglycemia (three or more values >110 mg/dl) and hypoglycemia (one or more values <65 mg/dl) were common in our subject population ( Table 3) . Nearly a quarter of all patients had three or more glucose values >140 mg/dl and 16.9% of patients had at least one value <65 mg/dl. Among the latter, 30.7% also had three or more values >200 mg/dl ( Table 3) .
Pediatric ICU and hospital LOS and mortality rates by various glucose thresholds are shown in Table 3 . Those with any hypoglycemia (<65 mg/dl) had a mortality rate of 13.2% versus 1.1% for those who did not have a low glucose value (p < .001). Additionally, patients with at least one glucose value <65 mg/dl plus three or more values >200 mg/dl had a mortality rate of 30% (19 deaths). Crude descriptive mortality rates for one, two, and three glucose values above the 110, 140, 180, and 200 mg/dl thresholds are shown in Table 4 .
Among the 36 patients who died, time to maximum glucose value and time to death (LOS) was highly correlated (Spearman correlation coefficient = 0.77, p < .001). Among 23 patients who died 2-25 days after hospitalization, the Spearman coefficient was 0.56 (p = .006; Figure 1 ).
Glucose and Insulin Use
Despite significant hyperglycemia, insulin use was uncommon with only 50 (4.3%) subjects receiving it ( Table 5) . This was prior to the adoption of a standard approach to hyperglycemia detection and management. Of the 50 patients, 38 (76%) received insulin infusions and 12 (24%) received a subcutaneous or intravenous bolus. Multivariate logistic regression showed no difference with mean age, gender, or race for insulin use. All 50 insulin treated patients had three or more glucose values >140 mg/dl, but those patients using insulin accounted for only 21.8% of those with values at or above this threshold. Insulin use frequency did increase with increasing maximum glucose threshold, but was still only used in 29.3% with three or more values >180 mg/dl and 36.6% of patients with values >200 mg/dl (p < .001). Of patients having one or more glucose values <65 mg/dl (n = 189), only 17.5% (n = 33) were treated with insulin (p = .024). However, this also means that 66% of patients who received insulin had one or more episodes of hypoglycemia. Both LOS and mortality were associated with insulin use. There was a tendency toward longer PICU and total hospital LOS in patients who received insulin versus those who did not. When evaluating mortality with or without insulin use for each glucose cutoff, there was a significant association between insulin use and death at each cutoff ( Table 5 ). Patients with hypoglycemia had an even higher mortality rate with insulin use. Overall, 15 of the 50 patients (30%) who used insulin died. However, when looking at total deaths, the majority (58.3%) were in patients who did not receive insulin.
Glucose and Glucocorticoids
One or more glucocorticoid agents were administered to 43.1% (n = 505) of eligible patients ( Table 6) . Dexamethasone was used in 25%, followed by methylprednisolone (16.3%), prednisone (15.5%), and hydrocortisone (3.3%). The specific indication for each glucocorticoid was not available for this analysis. In general, however, dexamethasone is primarily used prior to extubation, and methylprednisolone is used for asthma and in patients with significant lung disease. Prednisone is usually used orally in children with lower acuity, and hydrocortisone is primarily used for septic or acutely ill, unstable patients. Although patients treated with hydrocortisone tended to be younger (mean 4.4 years versus 6.1 years; p = .003) versus those not treated, age was not a factor for glucocorticoid use overall. Table 6 . Glucocorticoid use and critical illness hyperglycemia (CIH) were associated at each glucose cutoff ( Table 6) . Among patients who received one or more glucocorticoid agents, more than 60% had 3 or more glucose values >110 mg/dl and nearly 20% had values >200 mg/dl. However, the available data did not allow evaluation of timing of glucocorticoid administration with onset of hyperglycemia.
Percentage of Patients with and without Glucocorticoid Use by Glucose Cutoff
Pediatric ICU and hospital LOS were significantly longer in those treated with glucocorticoids. Compared with all eligible patients, the median total hospital and PICU LOS for patients treated with dexamethasone was 2 and 6 days, respectively. For those who received hydrocortisone, the median PICU LOS was 5 days (p < .001) and total LOS 9 days (p = .002).
Overall, the vast majority (28 of 36; 78%) of patients who died received glucocorticoids (p < .001), but only 5.5% of all children who received a glucocorticoid died. Illustrating this further, 39% of children who died received methylprednisolone, but these children accounted for only 7% of those who received this agent. In contrast, 56% of those who died received hydrocortisone, but this was equivalent to 51.3% of those treated with this agent (p < .001). The mean number of treatment doses for methylprednisolone and hydrocortisone in the deceased were 15.9 and 7.7 compared with 1.8 and 0.3 in survivors, respectively. Of 505 patients who used any glucocorticoid during admission, 41 (8.1%) were also treated with insulin. Of these 41 patients, 48% were given dexamethasone, but these represented only 14% of all children who received dexamethasone.
Risk of Mortality
In a multivariate logistic regression analysis, race, age, gender, PICU LOS, glucose cutoffs, glucocorticoid use (dexamethasone, hydrocortisone, methylprednisolone, and prednisone), and insulin use (any versus none) were included to adjust for their impacts on mortality (p < 0.001-0.030). Pediatric ICU LOS, as opposed to total hospital LOS, was used as this was deemed a more accurate marker of illness severity. Based on our initial univariate analysis of each individual glucose cutoff, values >110 mg/dl, >180 mg/dl, and <65 mg/dl were included.
Stepwise backward modeling revealed that three or more glucose values >110 mg/dl [odds ratio (OR) 7.1, 95% confidence interval (CI) 1.4-36.3; p < 0.001), three or more glucose values >180 mg/dl (OR 45.6, 95% CI 9.3-224.4; p < .001), one or more glucose values <65 mg/dl (OR 3.0, 95% CI 1.1-7.9; p = .02), and the receipt of hydrocortisone (OR 21.0, 95% CI 7.3-60.3; p < .001) were independently associated with mortality. Dexamethasone (OR 0.14, 95% CI 0.05-0.4) and prednisone (OR 0.1, 95% CI 0.02-0.5) were associated with lower risk of death, and thus appeared to be markers for survival.
Race, age, gender, PICU LOS, and insulin use were not independently associated with mortality.
Discussion
Hyperglycemia and glycemic control in the PICU setting has been receiving considerable attention. Several studies have shown an association between glucose and poor outcome in children admitted for both medical and surgical treatment in the PICU. 5, 15, [36] [37] [38] [39] [40] Numerous mechanisms for this association have been proposed, including increased inflammatory cytokine production, acute endothelial dysfunction, hypercoagulation, metabolic disturbances, and increased cellular apoptosis. 41 While the exact benefit of using insulin therapy remains in question, use of nutritional interventions along with insulin to maintain normoglycemia does appear to be protective. 42 Therefore, a number of national oversight committees, including the Institute for Healthcare Improvement, American Diabetes Association, and Society of Critical Care Medicine have recommended routine assessment and treatment of hyperglycemia in critically ill patients. [43] [44] [45] It is unclear as to what extent these recommendations have been adopted by pediatric intensivists. 46, 47 By stratifying glucose data according to the number of glucose values above each cutoff, the prevalence of hypo-and hyperglycemia was identified more accurately and the influence of spurious "one-time" glucose measurements was removed. Similar to previous reports, increasing glucose values were associated with increasing total hospital and PICU LOS with the greatest LOS reported in patients above the 200 mg/dl cutoff. Mortality was also significantly elevated with the highest individual mortality rate (18.9%) in patients above the 200 mg/dl cutoff.
After removing patients with a diagnosis of diabetes mellitus, only 50 (4.3%) patients in our institution were treated with insulin during their hospitalization. This inherently limited the ability to analyze the impact of insulin use on LOS or mortality. However, considering the prevalence of hyperglycemia, it appears to provide an example of the wary approach to glucose control in our hospital during this period. While the mortality rate at the varying cutoffs was higher among patients who used insulin versus those who did not, the subject number and database limitation prevent any statements on causality. Of perhaps more interest was the data on hypoglycemia and insulin use. Studies in the adult ICU setting using insulin to control hyperglycemia of critical illness have shown high rates of hypoglycemia with varied correlation with mortality. 24, 27, 48, 49 In the PICU, several studies have successfully demonstrated the use of insulin-glucose control protocols without significantly increasing the rate of hypoglycemia. 50, 51 In a 2008 study by Preissig and colleagues 51 , the overall rate of severe hypoglycemia (<40 mg/dl) was 4% in those receiving insulin for CIH. 51 The rate of less severe hypoglycemia (<60 mg/dl) was actually found to be higher in patients who did not receive insulin (7%) versus those who did (6.7%). This risk, though, is clearly protocol-dependent as demonstrated by a 25% hypoglycemia rate (<40 mg/dl) reported by Vlasselaers and colleagues 52 in children treated with intensive management versus conventional therapy (1%). Although prolonged, severe hypoglycemia strongly correlates with increased risk of morbidity and mortality, a prospective pediatric study has yet to evaluate the impact of short-term hypoglycemia on outcome.
Glucocorticoids are widely used in the treatment of critical illness for a variety of proven and unproven indications. Their relationship with glucose homeostasis has been shown to be caused by a combination of mechanisms, including direct inhibition of insulin secretion, a reduction of insulin sensitivity, and impairment of glucagon production. [53] [54] [55] While the majority of studies report on treatment of specific conditions, such as septic shock, 56 many large-scale prospective trials provide limited details regarding their use. In an observational study by Weiss and colleagues, 57 of 804 surgical patients admitted to the ICU, 33% were treated with glucocorticoids. Surprisingly, glucocorticoids were positively associated with an increased risk of hypoglycemia (<80 mg/dl) as well as hyperglycemia (>150 mg/dl). 57 In the NICE-SUGAR trial, 33% of patients were treated with unspecified glucocorticoids with septic shock being the most common reason identified. 27 This contrasts sharply to Van den Berghe's study in which a much greater percentage (54%) of patients were treated with glucocorticoids; the majority used methylprednisolone (75%), followed by hydrocortisone (38%), and dexamethasone (.01%). 24 Neither of these studies, however, provided specific details regarding glucocorticoid treatment and the impact on glycemia. It is unclear if glucocorticoids (specific types or general) are used in ICU patients for specific indications or are a marker of late-state therapeutic desperation.
In pediatrics, the prevalence of glucocorticoid use and its association with blood glucose in the PICU is even less well defined. Studies in specific pediatric populations, such as cardiac surgical patients, 58 demonstrated a significant correlation between glucocorticoids and CIH. Our analysis showed a high prevalence of glucocorticoid use (43.1%) and a strong statistical association with hypoglycemia and hyperglycemia, as well as increased LOS and mortality. The correlation with increased LOS and risk of mortality was most pronounced with hydrocortisone usage. This is, perhaps, not surprising in that the use of hydrocortisone is often relegated to the most severely ill patients, regardless of age. Dexamethasone was used in only 5 of 644 patients in the medical ICU reported by Van den Berghe, but it was the most commonly used steroid in our study (25%). 24 Interestingly, its use correlated with reduced mortality.
Although our limited data set did not provide treatment specifics, we speculate that its use at the time of extubation may at least partially explain this reduction. Despite the decreased mortality, dexamethasone, like hydrocortisone, was highly associated with both hypoand hyperglycemia. While we do not have the data to provide a causal explanation for the mortality disparity between glucocorticoids, several studies in critically ill adults suggest an increased risk of mortality with high doses of glucocorticoids. 59, 60 These coincide with the observational findings of several authors linking high serum cortisol levels with poor outcome. [61] [62] [63] Furthermore, lowering cortisol levels appears to be associated with improved survival. In 451 adult ICU patients randomized to intensive versus conventional insulin treatment, Vanhorebeek and collegues 64 showed a significant survival benefit with lowering free cortisol levels from baseline. This benefit was greatest in patients receiving intensive insulin therapy and was not seen in nonsurvivors. In contrast to patients with elevated cortisol levels from either endogenous adrenal production or exogenous treatment, patients with a poor cortisol response to severe illness have also been linked with an increased risk of death. [65] [66] [67] Overall, these data provide strong evidence that survival is significantly influenced by abnormalities in cortisol production.
Our report has the typical limitations of a retrospective study, including lack of supporting non-glucose laboratory data, and the additional treatment regimens or interventions used. In addition, formal illness severity scoring tools at time of admission, such as the Pediatric Risk of Mortality, were not available although PICU LOS slightly adjusts for this. For this reason, statistical associations with glucose values, medications, LOS, and mortality rates cannot be used to demonstrate causality. Glucose monitoring in our PICU was also not standardized during the study period. Of all potential patients, 372 (23%) were removed from the ultimate analysis. While this potentially affected the estimation of the incidence of hypo-and hyperglycemia, our analysis deliberately focused on patients with multiple glucose values above each particular set cutoff. The very low LOS and mortality rate of the excluded group strengthens the conclusion that these patients, without diabetes mellitus, had a low risk of blood glucose abnormalities.
Our study demonstrates further evidence supporting the association between hypoglycemia, hyperglycemia, and poor outcome in pediatric critical illness. While some of these concepts have been previously reported, this article aims to provide more clinically meaningful prevalence data using multiple glucose values at varying glucose thresholds. Glucocorticoids, and therefore cortisol, have been shown to influence mortality in the critically ill. Our study is the first on this scale to show specific glucocorticoid associations with glucose abnormalities, LOS, and mortality. In the absence of an evidence-based insulin-glucose control protocol, insulin use in our PICU was quite limited. However, its use did correlate with increased LOS and mortality. Overall, these findings illustrate the need for large, prospective trials designed to safely evaluate the use of insulin and glucocorticoids to improve health outcomes in PICU patients.
